The mechanism by which ethane 1,2-dimethanesulfonate (EDS) selectively kills Leydig cells is poorly understood.
Introduction
Ethane 1,2-dimethanesulfonate (EDS) is a glutathionedependent alkylating agent that rapidly diffuses across tissues and selectively inhibits steroid biosynthesis and destroys Leydig cells in the testes in adult rats (Rommerts et al. 1988 , Kelce & Zirkin 1993 , for review see Morris 1996) . These 'Leydig cell knock-out' rats have been very useful for investigations on the role of Leydig cells in the control of spermatogenesis and the regulation of Leydig cell re-population (Teerds 1996 , van Roijen et al. 1997 . However, the mechanism by which EDS stimulates cell death remains unknown.
There are a number of unusual features that distinguish EDS-induced apoptosis. First, cell viability and steroidogenesis in other steroidogenic cell types in the adrenal gland and the ovary are apparently unaffected at doses of EDS that completely eliminate Leydig cells in mature rats (Laskey et al. 1994a) . Secondly, sensitivity to the drug depends on the age of the Leydig cell type and the species. Isolated rat Leydig tumor cells and normal Leydig cells from mature rats are killed with 0·5-1 mM EDS (Rommerts et al. 1985a (Rommerts et al. , 1988 , whereas immature Leydig cells from 28-day-old rats require an approximately fourfold higher dose (Rommerts et al. 1985a , Kelce et al. 1991 , Teerds et al. 1992 . In addition, Leydig cells from mouse testes are unaffected at concentrations that eliminate these cells in mature rats. A similar resistance is observed in the rabbit and the hamster (Rommerts et al. 1988 , Laskey et al. 1994b , Gray et al. 1995 . Leydig cells are killed by EDS through apoptosis (Morris et al. 1997a , Taylor et al. 1998 , which is potentially linked to activation of the Fas system and caspase 3 (Taylor et al. 1999 , Kim et al. 2000 . Unfortunately, the molecular basis for EDS action, its selectivity, concentration dependency and biological effects are not understood.
Therefore, to characterize better the cell-specific actions of EDS, we compared the dose-dependent and temporal effects of EDS on programmed cell death (PCD) in different Leydig cell types and in two model non-steroidogenic cell lines through biochemical and morphological analyses.
Materials and Methods

Materials
We prepared EDS from ethylene glycol and methane sulfonyl chloride as described by Jackson & Jackson (1984) . The compound was recrystallized twice from methylene chloride to more than 99% purity as determined by nuclear magnetic resonance and stored in 100-fold concentrated stock solutions in DMSO at 4 C. The fluorescent nuclear stains Hoechst 33342, propidium iodide (PI) and Syto-16 were purchased from Molecular Probes (Leiden, The Netherlands). Other chemical reagents were obtained from Sigma Chemical Co. (Zwijndrecht, The Netherlands).
Cell culture
Rat Leydig cells were isolated from testicular tissues from mature and 21-to 23-day-old rats and a transplantable H540 tumor after collagenase dispersion. For normal Leydig cells, rats were irradiated before birth at day 19 of gestation with 1·5 Gy X-rays to deplete the testes of germinal cells. Approval was obtained from institutional committees for both procedures. After isolation, Leydig cells were maintained in RPMI-1640 medium with 1% fetal calf serum (FCS) for several hours until they were used for experiments. Under these conditions, Leydig cells remain viable but do not divide and gradually lose their steroidogenic properties over a period of several days. Details of the techniques for obtaining cells as well as characterization of cell composition, viability and steroid production, have been described previously (Rommerts et al. 1985b) . After isolation, H540 tumor cells were seeded to the plastic surface and after several hours they appeared as flat cells with large nuclei. Over a period of several days no mitotic cells could be detected.
The MA-10 cell line was a generous gift from Dr Mario Ascoli (University of Iowa, Iowa City, IO, USA) and was grown under standard conditions in RPMI-1640 medium supplemented with 10% horse serum and 100 µg/ml streptomycin sulfate, 100 IU/ml penicillin and 2 mM -glutamate (Ascoli 1981) . Normal Chinese hamster ovary (CHO) and COS-1 cells were grown in 1:1 (v/v) Dulbecco's modified Eagle's/Ham's F12 medium supplemented with antibiotics and 10% and 5% FCS respectively.
For the experiments, cells were incubated in fresh culture medium containing 1% FCS in the presence or absence of 1 mM dibutyl cyclic AMP (dbcAMP) and EDS or 100 µM cadmium, as a non-specific cytotoxic compound (Selypes et al. 1992) . To investigate the effects of inhibition of protein synthesis on apoptosis, cells were incubated with 100 µM cycloheximide (CHX).
Characterization of apoptosis
The biochemical characterization of apoptosis was performed by measuring the fragmentation of DNA after selective cell extraction and agarose gel electrophoresis as described elsewhere (Gong et al. 1994) . DNA was visualized by autoradiography after blotting, and hybridization with digested and radiolabeled rat genomic DNA.
For morphological characterization of the cell death process, three fluorescent dyes with limited toxicity were used. Early signs of apoptosis in intact cells at the level of chromatin structure were visualized with 0·1 µg/ml Hoechst 33342 dye in the blue channel (excitation at 365 nm, emission above 410 nm). Movement of phosphatidylserine from the inner to the outer layer of the plasma membrane (typical of apoptosis) was monitored in the green channel (excitation at 450-490 nm, emission above 520 nm) by co-incubation with 2·5 µg/ml fluorescein isothiocyanate (FITC)-conjugated annexin V (Boehringer Ingelheim, Alkmaar, The Netherlands), which specifically binds this phospholipid (van Engeland et al. 1996) . Permeabilization of the plasma membrane, which occurs during necrosis or later phases of apoptosis, was indicated through the use of 0·1 µg/ml of the DNA stain PI, using the red channel (excitation at 530-560 nm, emission above 580 nm). Digitally captured fluorescent images were converted to gray scale to better represent variations in intensity after printing. The degree of apoptosis and/or necrosis was determined by scoring the percentage of cells with apoptotic or necrotic features. The threshold dose for induction of apoptosis was defined as the minimum dose of EDS required to cause a 10-20% increase in the number of apoptotic (non-necrotic) cells after an incubation period of 20 h.
The kinetics of the apoptosis process in individual cells (initiation and duration of substages) was measured by time-lapse recordings using a Zeiss CLSM 410 confocal laser-scanning microscope (Carl Zeiss, Weesp, The Netherlands). A cover glass with H540 tumor cells attached was mounted on an aluminum holder with nontoxic rubber rings in a temperature-controlled aluminum block. Additional heating of the objective was necessary when immersion oil was used, to correct for cooling of the cover glass in contact with the lens. Chromatin in intact cells was visualized using 0·1 µg/ml Syto-16 dye (excitation at 488 nm, emission at 515-540 nm), since u.v. excitation was not possible in this system.
Analysis of ultrastructure
H540 cells were fixed at room temperature on culture dishes with 2·5% glutaraldehyde (Polysciences, Eppelheim, Germany) in 0·1 M phosphate buffer, pH 7·4, and postfixed in 1% OsO 4 (Sigma Chemical Co.) in phosphate buffer. After dehydration, cells were embedded directly on the plates using Epon (Polysciences). Ultrathin sections of cells were obtained by cutting horizontally to the bottom of the culture dish. Sections were stained with uranyl acetate and lead citrate and examined using a JEM 100S transmission electron microscope (JEOL, Peabody, MA, USA).
Results
Cell death and chromatin breakdown
To examine the biochemical aspects of the induction of apoptosis in various cells by EDS, we first tested for the presence of DNA ladders, which is indicative of apoptosisrelated chromosomal breakdown (Fig. 1) . While control cells exhibited no characteristic chromosomal degradation, DNA laddering was observed in Leydig cells from mature rats after 10-20 h of incubation with 1 mM EDS. In contrast, a concentration of 2 mM EDS was required to cause DNA laddering in testicular Leydig cells from immature rats and in H540 cells.
The EDS-induced laddering in H540 cells was unaffected by the presence of CHX, indicating that the process was independent of new protein synthesis. Incubation for 20 h with CHX alone did not cause any cell death, but an increasing number of cells did finally display apoptotic features after 48 h (data not shown). Surprisingly, when cells were incubated with 10 mM EDS, no DNA laddering was observed.
MA-10 cells were more resistant to the effects of EDS. Unlike rat Leydig cells, 20 mM EDS were required to induce substantial levels of DNA laddering.
Non-steroidogenic CHO cells were also susceptible to EDS. Similar to MA-10 cells, fragmentation of DNA was observed in cells treated with 20 mM EDS, even in the presence of CHX. Due to solubility problems, higher EDS concentrations were not tested. By contrast, necrosis induced by 100 µM cadmium did not result in DNA laddering in any of the cell types tested.
Cell death and morphology
To determine whether the unusual and differing responses of cells to EDS reflected unique intracellular changes, we performed various morphological analyses. Since it is difficult to prepare homogenous Leydig cells with consistent properties from testes, we focused our studies on the tumor cell lines.
MA-10 cells and non-steroidogenic cells MA-10 cells were less sensitive to the effects of EDS than rat Leydig cells. Treatment with 10 mM EDS resulted in only variable levels of apoptosis. However, a twofold higher concentration of EDS caused over 90% of the cells to enter apoptosis, with many cells detaching from the culture dish. Control cells exhibited normal staining with Hoechst 33342 dye without labeling by either PI or annexin V, which is indicative of the presence of extracellular phosphatidylserine in intact plasma membranes (data not shown). In contrast, early apoptotic MA-10 cells displayed chromatin clumping and intense staining with Hoechst 33324 dye (Fig. 2A1) , an absence of PI staining (Fig. 2A2 ) (and thus no necrosis), and annexin V binding (Fig. 2A3) .
Co-incubation with CHX did not influence the phenotype of apoptosis induced by EDS, but did tend to increase the rate, whereas CHX alone had only minor effects in the first 20 h. Interestingly, co-incubation of cells with EDS and 1 mM dbcAMP resulted in only limited apoptosis in the same time-period (Fig. 2B) , with many more cells entering apoptosis only after 30 h incubation (data not shown).
Apoptosis was also induced in CHO cells with a threshold dose of EDS between 10 and 20 mM over 20 h. The morphological characteristics were similar to those seen in MA-10 Leydig cells, except that almost all of the cells that underwent apoptosis remained attached to the culture dish. Finally, as with MA-10 Leydig cells, dbcAMP delayed the onset of apoptosis for the first 20 h (data not shown).
Another non-steroidogenic cell type, COS-1 cells, displayed none of the typical morphological features of apoptosis, even when incubated with 20 mM EDS. Cells did round up, detach from the surface of the culture dish and clump together, but they remained impermeable to PI for at least 20 h (data not shown).
H540 cells
Since the H540 cells showed a surprising anomalous response when the dose of EDS was elevated from 2 to 10 mM EDS, these cells were investigated in greater detail. We first compared necrotic cell death, as elicited by cadmium, to the effects of EDS using several fluorescent probes.
After the addition of 0·1 mM cadmium, necrosis was characterized by an initial cell rounding and increased staining of DNA by Hoechst 33342 dye (Fig. 2C1) . This was followed by a gradual loss of plasma membrane integrity over the next 10 h as demonstrated by an increase in PI staining of DNA (Fig. 2C2 ) and annexin V binding of externalized intracellular phosphatidylserine (Fig. 2C3) . After 20 h, all cells lost membrane integrity without detectable changes in chromatin distribution (Fig. 2D) .
In contrast, EDS-induced apoptosis had completely different features. After the addition of 2 mM EDS, cells began to round up with a corresponding reduction in nuclear diameter within 3 h. Clear chromatin condensation was observed after 6-10 h. This response was heterogeneous, with a mixed population of cells undergoing apoptosis together with cells that had not yet started the rounding process (Fig. 2E1) . Cells with condensed chromatin contained more intensely stained DNA than non-responding cells (Fig. 2E1) , were impermeable to PI (Fig. 2E2 ) and stained with FITC-conjugated annexin V (Fig. 2E3) . In most cells, changes in the nuclei and the plasma membrane occurred in parallel, but there were some cells that displayed only one marker of apoptosis. This suggests some heterogeneity in the sequence of apoptotic events.
After 20 h of incubation with 2 mM EDS, nearly all cells exhibited fragmented chromatin, characteristic of apoptosis and consistent with the results of the chromatin breakdown analyses (Fig. 2F ). This apoptotic process was unaltered in the presence of CHX (data not shown). Surprisingly, addition of 1 mM dbcAMP to the culture media suppressed or delayed chromatin condensation (Fig.  2H ). Only at later time-points did these cells finally undergo apoptosis (data not shown).
The heterogeneity of the apoptotic response was further documented by time-lapse photography using a confocal microscope and the DNA stain Syto-16. We found that the greatest alterations in chromatin structure occurred between 6 and 18 h after the start of the incubation. There was a gradual change in chromatin structure from a continuous distribution to an increasingly condensed peripheral localization and, finally, to fragmentation. This chromatin rearrangement was used to identify four substages of the initial apoptotic process. The results of observations for 15 individual cells over this time period are shown schematically in Fig. 3 . Changes in chromatin during apoptosis in H540 cells were found to be heterogeneous in both the onset and duration of each substage and the total length of time over which this occurred.
Concentrations of EDS higher than 2 mM elicited a different type of heterogeneity. Between 2 and 10 mM EDS, an increasing number of cells displayed an anomalous non-necrotic, non-apoptotic response, while at 20 mM EDS there were many signs of necrosis within 20 h. This anomalous response also occurred even when protein synthesis was inhibited by co-incubation with CHX. Consistent with the observed lack of DNA laddering, most of the cells incubated in the presence of 10 mM EDS exhibited no change in the morphology of Hoechst 33343-stained chromatin, although they did round up over the 20-h incubation period (Fig. 2 G1) . Cells appeared to still remain viable after this time, with only a few taking on necrotic features (indicated by the limited number of cells stained with PI (Fig. 2 G2) ), or apoptotic features (indicated by the paucity of annexin V labeling (Fig. 2 G3) ). More than 30 h after the start of the experiment, these abnormally responding Leydig cells finally showed signs of necrotic cell death.
To characterize further this anomalous response, the ultrastructure of these cells was compared with those of control and typical apoptotic cells. Control cells displayed an irregular surface (Fig. 4a) , normal nuclei with a dense matrix ( Fig. 4a and d) , mitochondria with good, visible cristae and a cytoplasm with normal-appearing constituents (Fig. 4 g ). On the other hand, cells incubated with 2 mM EDS displayed all the features of apoptotic cells, including clumping of densely stained chromatin with sharp boundaries (Fig. 4b and e) and a light mitochondrial matrix with clear signs of destruction of the interior structure (Fig. 4 h) . In addition, many small cytoplasmic vesicles were observed (Fig. 4b, e and h ) and the surfaces of these apoptotic cells were smooth (Fig. 4b) . In cells exposed to 10 mM EDS, two different cell morphologies were observed. A few cells showed features of apoptosis, such as condensed chromatin and damaged mitochondria, although the number and distribution of vacuoles appeared to be different from normal apoptotic cells (data not shown). The majority of cells, however, showed many similarities with control cells (Fig. 4c) . The complete absence of chromatin condensation was especially striking (Fig. 4f) . These cells also contained vacuoles and many protrusions in their surfaces in possibly greater abundance than in control cells (Figs 4c and 5a ). Many condensed, multi-membranous vesicles were also observed (arrows in Figs 4c, 4i and 5b ). Mitochondria were elongated and appeared less dense and lower in number when compared with control cells (Figs. 4i and 5b) . Altogether, 10 mM EDS-treated H540 cells exhibited a peculiar ultrastructure that was generally closer in appearance to intact cells than cells undergoing apoptosis.
Discussion
The distinctive manner by which EDS selectively kills Leydig cells in vivo is unclear. In line with its unusual action, the present studies yielded some unusual observations. Incubation with EDS dose-dependently triggered apoptosis in all Leydig cells examined, but at different threshold concentrations. Cell death was also induced in non-steroidogenic CHO cells, whereas COS-1 cells were essentially refractory to EDS. Thus, EDS can induce apoptosis in cell types other than Leydig cells. This is consistent with previously published data, although this was primarily observed only after longer post-exposure periods (Klinefelter et al. 1990 , Laskey et al. 1994 , Morris et al. 1997b , Plecas et al. 1997 , King et al. 1998 . The different threshold concentrations for induction of PCD in various cell types could help to explain how administration of twice the effective dose (200 mg/kg) of EDS to rats can be fatal (Morris 1996) . This remarkable dose-dependent shift in lethality may arise from the extinction of physiologically essential cell types that are slightly less sensitive to EDS than Leydig cells.
EDS-induced PCD was accompanied by DNA ladder formation and changes in nuclear morphology -initial clumping and later fragmentation of chromatin. These qualitative changes in chromatin occurred in parallel with increases in DNA staining intensity. While chromatin staining increased, there was a concomitant increase in annexin V binding and thus externalization of phosphatidylserine on intact plasma membranes, due to scramblase activity and inhibition of aminophospholipid translocase (Raggers et al. 2000) . At later time-points, the integrity of the plasma membrane was lost as reflected by the influx of PI.
Activation of these cell death processes is not mediated by alterations in gene expression since inhibition of protein synthesis by CHX did not prevent cells from entering apoptotic pathways (present study, Kelce & Zirkin 1993) . Thus, the importance of EDS-induced up-regulation of Fas ligand and Fas receptor is unclear (Taylor et al. 1999) . It is also uncertain whether increases in the levels of these proteins represent an essential step in the EDS-activated sequence of events, or if this is simply one of many changes that accompany apoptosis. The independence of apoptosis from new protein synthesis indicates that the early effects of EDS that commit the cell to death are most likely mediated by modifications of existing proteins through glutathione conjugation and alkylation (Kelce & Zirkin 1993 , Kelce 1994 and proteolytic breakdown by caspases (Kim et al. 2000) . In this connection it is interesting to note that in mature rat Leydig cells in the presence of reduced glutathione levels, 20-fold higher concentrations of EDS are required to alkylate proteins, inhibit steroidogenesis and induce cell death (Kelce 1994) .
Differences in specificity to the drug may be related to sensitivity to such modifications (Rommerts et al. 1985a) or the uniqueness of critical alkylated pro-apoptotic proteins to EDS-responding cells. Since co-incubation with dbcAMP significantly delays apoptosis, the changes induced by these modifications are probably also influenced by protein phosphorylation. Studies in other cell types indicate that activation of the cAMP second messenger pathway can have either pro-apoptotic effects or rescue cells from death, although the mechanism for these actions remains unclear (Saavedra et al. 2002) .
Uncertainties about the molecular nature of apoptosis are magnified when the heterogeneity of responses within a particular cell culture is taken into account. Using time-lapse photography, variable times of initiation and duration of substages of apoptosis were observed and alterations in plasma membrane and nuclear morphology were not always synchronous. These observations led to the conclusion that the underlying biochemical reactions involved in EDS-induced apoptosis proceed in a nonlinear order and with differing kinetics. Various explanations for the heterogeneity of cellular responses to apoptotic stimuli, such as influences of the paracrine environment and progression through the cell cycle, have previously been advanced. An initial report suggested that a cell cycle-dependent pathway for EDS action in Leydig cells may exist (Woolveridge et al. 2001) , but this would not account for the present observations, since H540 cells are non-mitotic in culture.
A dose dependence for the type of cell death induced in H540 cells was also found. At concentrations of EDS higher than 2 mM, an increasing proportion of Leydig cells showed 'resistance' to the normal apoptosis program, with an absence of chromatin condensation, formation of DNA ladders and annexin V binding, while the number of abnormally responding cells increased. At 10 mM EDS, almost all cells contained normal uncondensed chromatin together with unusual changes in the ultrastructure of the mitochondria, plasma membrane and cytoplasm. In fact, there appeared to be a higher level of protrusions on the plasma membrane when compared with controls. It is possible that high levels of EDS may block an essential step in PCD, such as activation of the nuclear apoptotic pathway (Susin et al. 2000) or activation of pro-apoptotic caspase activity typically resulting in chromatin condensation, loss of cellular protrusions and finally disintegration (Häcker 2000) . Thus, the cells are essentially left suspended between two different death pathways with unknown regulatory properties. A few alternative morphological forms of PCD have been described, such as oncosis and paraptosis (Majno & Joris 1995 , Nicotera et al. 1999 , Sperandio et al. 2000 . Future studies will determine whether our cell death pattern may fit with one of these alternative forms of apoptosis or constitute a novel type of PCD.
In summary, this comparative study of the dose-related effects of EDS on different cell types has revealed a broad spectrum of specific biological effects. We first observed that EDS induced cell death in both steroidogenic and non-steroidogenic cell types independent of new protein synthesis. Individual cell types not only had different sensitivities to EDS but, even at a fixed concentration of EDS within one cell population, PCD responses were very heterogeneous. Furthermore, different concentrations of EDS surprisingly elicited different types of cell death. Interestingly, stimulation of the cAMP pathway appeared to protect or prolong cell survival. Altogether, these data provide further insight into the phenotypic pathways by which EDS promotes PCD.
